In this study, the use of bracts as a natural sorbent in solid-phase microextraction was exploited for use in the determination of polycyclic aromatic hydrocarbons in water samples with separation/detection performed by gas chromatography-mass spectrometry. Fiber-to-fiber reproducibility was evaluated and the relative standard deviation (RSD) was lower than 14%. Optimizations were performed using both the proposed and DVB/Car/PDMS (divinylbenzene/ carboxen/polydimethylsiloxane) fibers. The optimum extraction conditions were 80 min of extraction at 50 °C with 12% (m/v) NaCl for the bract fiber, and 100 min of extraction at 80 °C for the commercial fiber. The limits of detection and quantification for the proposed fiber were, respectively, 0.003 and 0.01 µg L -1 for fluorene, phenanthrene, anthracene and pyrene, and 0.03 and 0.1 µg L -1 for acenaphthylene, benzo(a)anthracene and chrysene. The method using bract fiber provided relative recoveries ranging from 68 to 117%, intraday and interday precisions lower than 17 and 19%, respectively, and extraction efficiency similar to that of the DVB/Car/PDMS fiber.
Introduction
Environmental problems caused by anthropogenic activities are continually increasing and gaining attention worldwide. One of the main concerns is the incomplete combustion of organic matter, which results in the release of a potentially toxic class of compounds called polycyclic aromatic hydrocarbons (PAHs). 1 PAHs are a group of compounds which consist of two or more condensed aromatic rings composed of carbon and hydrogen atoms. 2, 3 Epidemiological and animal studies conducted by the International Agency for Research on Cancer (IARC) 4 have shown that many PAHs have strong carcinogenic and mutagenic action. PAHs can enter the human body through dermal contact, inhalation and the ingestion of contaminated food or water. 5 Therefore, the determination of PAHs in surface waters is very important since these are often used as drinking water supplies. 6 For the determination of PAHs in different matrices, a sample preparation procedure is generally carried out. Sample preparation is a crucial step since it improves the selectivity and sensitivity of the analysis. In addition, the isolation of the analytes from potential interfering compounds present in the sample matrix and compatibility with the analytical instrumentation can be achieved by using an adequate sample preparation technique. [7] [8] [9] The Environmental Protection Agency (EPA) of the United States of America has established liquidliquid extraction (LLE) and solid phase extraction (SPE) as sample preparation techniques to extract and concentrate PAHs in water samples. 10, 11 However, these procedures require large amounts of toxic organic solvents and involve a number of steps, which increases the possibility of errors. 12 Recent trends have emphasized the importance of techniques which allow shorter analysis times, minimal reagent consumption and low residue generation. 13, 14 Solid-phase microextraction (SPME), proposed in the 1990s by Arthur and Pawliszyn, 15 is a solventless technique with shorter extraction times compared to some classical approaches. It also allows easy coupling with chromatographic systems, reuse of the fiber and automation of the sample preparation step. 1, 16, 17 SPME is based on the distribution of the analytes between the sample matrix and the extraction phase (fiber), combining sampling, isolation and enrichment in a single step. 18, 19 One important factor in relation to achieving high extraction efficiency in SPME is the fiber coating. 17 In general, in their commercially available form, SPME fibers consist of a fused silica or metallic support coated with a polymeric material. 7 Some disadvantages of SPME are associated with the fragility of fused silica and the high cost of the commercial fibers. To overcome these problems, alternative materials have been proposed for the support and also for the extraction phases in SPME. [19] [20] [21] [22] [23] Very recently, our group 24 introduced a bract fiber as a low-cost, renewable and natural sorbent material for SPME. This natural coating was supported on a nitinol (NiTi) alloy to ensure mechanical stability, high durability and corrosion resistance. 25, 26 The proposed SPME fiber exhibited excellent analytical performance compared to a commercial fiber when applied to the determination of organochlorine pesticides in water samples. 24 The bract fiber represents a promising 'green' coating for solid-phase microextraction, since this biosorbent is natural, renewable and biodegradable, being obtained from Araucaria angustifolia (Bertoloni) Otto Kuntze, a coniferous tree present in southern Brazil. 27 This heterogeneous material consists of 45% lignin and 46% holocellulose (cellulose and polyose), biopolymers with several polar and nonpolar chemical groups that can participate in several interactions with the analytes, including sorption, complexation and ion exchange. 24, 28 Moreover, the bract exhibits thermal stability at temperatures typically applied in gas chromatography analysis. 24 The aim of this study was to increase the applicability of this promising biosorbent coating in solid-phase microextraction, through its use in an environmentallyfriendly technique for the determination of polycyclic aromatic hydrocarbons in water samples, with separation and quantification by gas chromatography-mass spectrometry (GC-MS). In addition, since the proposed method involves no organic solvent consumption and a natural sorbent (bract) is used, it is compatible with the principles of 'green chemistry', besides offering simplicity and low cost production.
Experimental

Chemicals and solutions
A standard solution at a concentration of 500 µg mL -1 of a PAH mix containing acenaphthylene, fluorene, phenanthrene, anthracene, pyrene, benzo(a)anthracene and chrysene in acetone was obtained from Supelco (Bellefonte, PA, USA). A stock solution was prepared in methanol (Sigma-Aldrich, Saint Louis, USA) at a concentration of 50 µg mL -1 for each analyte. Working solutions of the analytes were prepared by appropriate dilution of the stock solution in ultrapure water purified by a Mega Purity system (Billerica, USA). The analytical figures of merit were obtained by spiking lake water samples with the analytes at known concentrations. The lake water was filtrated prior to the analysis through PTFE (polytetrafluoroethylene) filters with a pore size of 0.45 µm (Allcrom, São Paulo, Brazil). Sodium chloride (Vetec, Rio de Janeiro, Brazil) was used to evaluate the salting-out effect.
Instrumentation
In relation to the fiber-to-fiber reproducibility and method optimization, chromatographic analysis was performed using an Agilent 7820A gas chromatograph, with flame ionization detector (FID) equipped with a split/splitless injector and an Agilent DB-5 capillary column (30 m × 0.25 mm × 0.25 µm; Santa Clara, CA, USA). To obtain the analytical parameters of merit, a comparison between the extraction efficiencies using the biosorbent-based fiber (bract) and a DVB/Car/PDMS (divinylbenzene/carboxen/polydimethylsiloxane) fiber and the application of the proposed analytical methodology were carried out using a Shimadzu GC-MS QP2010 Plus gas chromatograph, equipped with a split/splitless injector and mass spectrometer detector (Kyoto, Japan), with a Zebron ZB-5MS capillary column (30 m × 0.25 mm × 0.25 µm; Torrance, CA, USA). The injection conditions and the column oven temperature program were the same for the GC-MS and GC-FID. The injection was performed in splitless mode, the injector temperature was set at 260 °C and the desorption time was 15 min. The initial oven temperature was 80 °C (1 min), which was subsequently increased at 6 °C min -1 to 300 °C (10 min). For the GC-MS, the transfer line and the ion source temperatures were set at 280 and 250 °C, respectively. Helium was used as the carrier gas at a flow rate of 1.0 mL min -1 . The mass spectrometer was operated in electron impact ionization (EI) mode at 70 eV. The PAHs were determined in selected ion monitoring (SIM) mode and the mass/charge (m/z) ratios employed are shown in Table 1 . The m/z values in bold were used for the quantitative determination of the analytes.
General materials
A knife mill, a granulometric sieve (200 mesh), nitinol wires (2 cm length and 0.128 mm diameter), epoxy glue (Brascola, São Bernardo do Campo, São Paulo, Brazil), and a heating block (Dist, Florianópolis, Santa Catarina, Brazil) were used for the preparation of the fiber. A thermostatic bath (Lab Companion RW 0525G, Seoul, South Korea), magnetic stirrers (Dist, Florianópolis, Santa Catarina, Brazil) and 40 mL vials (Supelco, Bellefonte, PA, USA) were used for the SPME extractions. A commercial fiber (DVB/Car/PDMS, 50/30 µm; Supelco, Bellefonte, PA, USA) was used to compare the analyte extraction efficiencies.
Preparation of the bract fibers
The bracts used to produce the SPME fibers were obtained from trees cultivated in the city of Curitibanos (Santa Catarina, Brazil). The material was triturated in a knife mill and the required particle size (< 200 mesh) was obtained by passing the material through a sieve. The bract fiber was prepared according to a method developed in our previous study. 24 The bract powder (< 200 mesh) was immobilized, using epoxy glue, on a nitinol wire with 2 cm length and 0.128 mm thickness. In the next step, the nitinol covered with biosorbent was inserted in the heating block at 180 °C for 90 min. The fiber was then conditioned at 260 °C for 60 min in a GC injection port.
The characterization of the bract fiber performed in previous study showed that bract is comprised of total extractives (6%), lignin (45%) and holocellulose (cellulose and polyoses) (46%). The thermogravimetric analysis revealed that this biosorbent started to undergo thermal decomposition around 300 °C, and the scanning electron microscopy (SEM) demonstrated that the bract fiber exhibited a highly porous and rough surface. In addition, the film thickness was evaluated by SEM of the cross-section of the fiber, and a thickness of approximately 60 µm was observed. The evaluation of the durability of biosorbentbased fiber was also carried out in previous study by comparing the responses using a fiber subjected to a number of extraction/desorption cycles. This result showed that the proposed fiber allowed at least 50 extraction cycles with no significant loss of extraction efficiency. 24 Fiber-to-fiber reproducibility
The fiber-to-fiber reproducibility was assessed based on the relative standard deviation (RSD) obtained using three biosorbent-based fibers in the extraction of PAHs in ultrapure water samples spiked at concentrations of 150 µg L -1 of each analyte. In this procedure, the fibers were immersed in the sample for 45 min at 60 °C. The chromatographic analysis was performed using GC-FID.
Optimization of SPME procedure A multivariate approach was adopted to optimize the extraction conditions for the proposed analytical methodology using bract and commercial fibers. A central composite design, totalizing 17 experiments, including a triplicate at the central point was used. The optimization strategies using both bract and commercial fibers were the same and the variables studied were extraction temperature (20-80 °C), extraction time (30-120 min) and sodium chloride concentration (0-20% m/v). The SPME was carried out in direct-immersion mode (DI-SPME). In this case, 25 mL of the water samples spiked with each PAH studied, at a concentration of 150 µg L -1 , was transferred to a 40 mL vial and kept under constant magnetic stirring at 1000 rpm. After the extractions, the fiber was immediately inserted into the GC injection port for the thermal desorption of the analytes at 260 °C for 15 min. The analysis was carried out by GC-FID in splitless mode.
Comparison of the extraction efficiencies using bract and DVB/Car/PDMS fibers After optimizing the analytical procedure, the efficiency of the bract fiber was compared with that of a commercial fiber (DVB/Car/PDMS) for the extraction/determination of the PAHs studied. An aliquot (25 mL) of the ultrapure water spiked with the analytes at a concentration of 4 µg L -1 was transferred to a 40 mL vial with 12% (m/v) of NaCl at 50 °C for 80 min, when bract fiber was employed. For the extractions carried out using the commercial fiber, the conditions employed were 80 °C for 100 min without NaCl. The chromatographic analysis was performed by GC-MS.
Analytical parameters of merit and application of the proposed method
Calibration curves were constructed using fresh water samples obtained from a lake (Lagoa do Peri, Florianópolis, Santa Catarina, Brazil) spiked with the analytes to determine the linear range, correlation coefficients (r), limits of quantification (LOQ) and limits of detection (LOD) using the proposed fiber. The LOQ was defined as the first concentration of the calibration curve and the LOD as a third of the LOQ value.
The precision and accuracy of the method with the proposed fiber were determined by performing extractions using the lake water samples (Lagoa do Peri) containing different concentrations of the analytes (0.01, 1.0 and 4.0 µg L -1 for all analytes except in the case of acenaphthylene, for which 0.1, 1.0 and 4.0 µg L -1 were used). The accuracy was assessed based on the relative recoveries obtained for the analytes, under the optimized extraction conditions. Intraday precision was determined through three extractions on the same day (n = 3) and interday precision through three extractions per day performed on three separated days (n = 9).
The applicability of the proposed method using the bract fiber was evaluated by performing extractions using four samples collected from different areas of a lake (Lagoa do Peri) that is one of the most important potable water sources supplying the city of Florianópolis. The geographical locations of the four sampling points are shown in Figure 1 . In these experiments, the analysis was carried out by GC-MS.
Results and Discussion
Fiber-to-fiber reproducibility
The reproducibility of the fiber production process was verified using three different fibers produced according to the same methodology. A bar graph of the normalized chromatographic peak areas obtained for each analyte is shown in Figure 2 . It can be observed that different biosorbent-based fibers prepared according to the same procedure provided similar results for the extraction of the compounds studied. The values for the relative standard deviation obtained from three samples of the proposed fibers were lower than 14%.
Optimization of the SPME procedure
The SPME parameters that can influence the extraction of the PAHs were optimized using both the bract fiber and the commercial fiber (DVB/Car/PDMS). The geometric means of the chromatographic peak areas corresponding to the analytes were used as the response for the experimental planning. The data obtained from the chromatograms were evaluated using the software Statistica 8.0. 29 The response surfaces obtained for the biosorbent-based fiber and DVB/Car/PDMS are shown in Figures 3 (a and b) and 4 (a and b), respectively.
According to Figure 3 , the conditions of 80 min of extraction at 50 °C provided the highest extraction efficiency. In addition, satisfactory responses were obtained with 12% (m/v) of NaCl added to the sample and, therefore, these conditions were chosen for further experiments. For the commercial fiber, the best results were obtained using 100 min of extraction time at 80 °C without NaCl, as represented in Figure 4 .
The film thickness of the extraction phase influences the time required to reach the equilibrium condition in SPME analysis. In general, fibers with greater film thickness will take longer to reach equilibrium. Considering that the thickness of the DVB/Car/PDMS coating is 80 µm while that of the proposed fiber is approximately 60 µm, 24 a shorter extraction time was observed for the proposed natural fiber.
Comparison of extraction efficiencies
The extraction efficiencies were compared using the proposed fiber and a commercial fiber (DVB/Car/PDMS), applying the previously optimized conditions. A bar graph of the normalized peak area taking into account the film thickness of each fiber is shown in Figure 5 .
It can be observed in Figure 5 that the extraction performance of the DVB/Car/PDMS coating for acenaphthylene, fluorene, phenanthrene, anthracene and benzo(a)anthracene was higher compared with the bract fiber, while for pyrene and chrysene the proposed fiber presented a higher efficiency. However, extraction efficiencies of approximately 80% of those obtained with the DVB/Car/PDMS coating were achieved for fluorene, phenanthrene and benzo(a)anthracene using the proposed fiber, while for anthracene the efficiency achieved was around 90%. Therefore, the proposed fiber presented very satisfactory extraction performance for the PAHs when compared to the commercial fiber, with the exception of acenaphthylene.
These results verify the high potential for the use of the bract fiber as a sorbent phase for SPME. Moreover, bract is natural, renewable and biodegradable, and its chemical composition provides numerous possibilities of chemical interaction for a wide range of compounds. In addition, the proposed fiber has a lifetime of around 50 extraction/ desorption cycles and offers satisfactory thermal and mechanical stability. The coating technique used for the fiber preparation is easy, fast, reproducible and it represents a low-cost alternative when compared to commercial extraction phases for SPME (which are approximately 200 times more expensive). 24 Bract contains compounds such as lignin and holocellulose (cellulose and polyose). 24 Lignin biopolymers contain a number of aromatic moieties and, therefore, π-π interactions allow the efficient extraction of PAHs. In addition, the bract fiber exhibits a highly porous and rough surface, which can facilitate the physical process involved in the sorption of the analytes. 24 Analytical parameters of merit Analytical parameters of merit (linear range, r, LOD and LOQ) were determined to evaluate the method developed and the results obtained are shown in Table 2 . The linear regression coefficients (r) of the calibration curves varied from 0.9773 for chrysene to 0.9988 for acenaphthylene, which indicates good linear correlations. The LOQ -1 for anthracene in surface waters. Therefore, the method proposed using the biosorbent-based fiber exhibited an LOQ value 10 times lower than this maximum limit concentration.
A comparison of the results obtained in this study with data previously reported in the literature for the determination of PAHs can be seen in Table 3 . The proposed method using bract fiber, when compared with studies previously reported in the literature employing SPME and cold fiber SPME (CF-SPME), provides lower limits of detection and quantification, except for acenaphthylene, benzo(a)anthracene and chrysene determination using CF-SPME. 1, 31 In a study using SPE, the LOD and LOQ values were also higher when compared with those of the proposed method. 32 The low LOD and LOQ obtained using the bract fiber is possibly due to the strong π-π interactions occurring among the aromatic moieties of the sorbent phase with the PAHs determined in this study.
The precision (RSD) and accuracy of the method using bract fiber was evaluated by spiking lake water samples at different concentrations. The accuracy of the method was assessed through the relative recovery of analytes (n = 3). Intraday precision was verified through three extractions on the same day (n = 3) and interday precision was evaluated through three extractions per day on three separated days (n = 9). As shown in Table 4 , the relative recoveries ranged from 68% for acenaphthylene to 117% for benzo(a)anthracene, the intraday precision ranged from 0.7% for fluorene to 17% for benzo(a)anthracene, and the interday precision varied from 0.3% for pyrene to 19% for acenaphthylene.
Application of the proposed method
The analytical method proposed in this study was applied to four different samples collected in different areas of Lagoa do Peri in Florianópolis. In this evaluation, none of the samples showed peaks related to the analytes studied; however, the analytes could be present in concentrations below the limits of detection. Figure 6 shows two chromatograms obtained using spiked (line a) and non-spiked (line b) fresh water samples (collected from a lake) with extraction using the biosorbent-based fiber in DI-SPME and analysis by GC-MS.
Conclusions
In this study, an analytical methodology using a biosorbent-based (bract) coating for SPME was successfully developed to determine PAHs in water samples. The natural sorbent exhibited very satisfactory analytical performance with excellent extraction efficiency for the analytes. In addition, the proposed fiber exhibited some important features including very low cost and simplicity of production, as well as valuable environmental aspects related to the natural sorbent (renewable and biodegradable) used in this approach. Taking into account these promising characteristics, further studies involving the applicability chrysene. LOD: limit of detection; LOQ: limit of quantification; SPME: solid phase microextraction; PDMS: polydimethylsiloxane; CF-SPME: cold fiber-SPME; SPE: solid phase extraction. of this 'green' sorbent coupled with other microextraction techniques should be conducted. 
